The cytotoxic functions of NKs (natural killer cells) are critical in enabling the immune system to cope efficiently with malignancy. In the present study, we compared how various exercise regimens without/with hypoxia influence phenotypic characteristics of NK subsets and cytotoxicity of NKs to NPCs (nasopharyngeal carcinoma cells). A total of 60 sedentary males were randomly divided into five groups. Each group (n = 12) underwent one of five regimens: normoxic (21 % O 2 ) control (N-C), hypoxic (15 % O 2 ) control (H-C), normoxic exercise (50 % maximal work rate under 21 % O 2 ; N-E), hypoxic relative exercise (50 % maximal heart rate reserve under 15 % O 2 ; H-RE) or hypoxic absolute exercise (50 % maximal work rate under 15 % O 2 ; H-AE) for 30 min/day, 5 days/week for 4 weeks. The results showed that hypoxic exercise regimens increased pulmonary ventilation and tissue oxygen utilization. Moreover, the H-RE regimen resulted in enhanced aerobic fitness at a less intensive training workload in the H-AE regimen. Before each regimen, strenuous exercise elevated NK perforin/granzyme B content and promoted cytotoxicity of NKs to NPCs. However, the percentage of NKs expressing homing (CD11a)/terminally differentiated (CD57)/inhibitory [KLRG1 (killer cell lectin-like receptor G1)] molecules that entered the bloodstream from peripheral tissues increased following this exercise. After 4 weeks, both the H-AE and H-RE regimens produced an up-regulated expression of memory (CD45RO)/activating (NKG2D) molecules and was accompanied by a decrease in CD57/KLRG1 levels on NKs at rest and after strenuous exercise. Furthermore, the two regimens increased resting and exercise NK perforin/granzyme B content and NK-induced phosphatidylserine exposure of NPCs. In contrast, no significant change in the phenotypic characteristics of blood NK subsets or NK-induced NPC apoptosis was observed in the N-C, H-C and N-E regimens. Therefore we conclude that 15 % O 2 exercise training reduces terminally differentiated NK subsets and up-regulates the expression of activating molecules and cytotoxic granule proteins in NKs, thereby enhancing the capacity of anti-NPC cytotoxicity by NKs. These findings could help to determine effective hypoxic exercise regimens for improving individual aerobic capacity and simultaneously promoting the natural cytotoxicity of NKs.
INTRODUCTION
Natural cytotoxicity that is mediated by NKs (natural killer cells) enables the innate immune system to cope efficiently with malignancies [1] . Despite the reduction in incidence of mortality associated with cancers [2] , most investigations of the effects of physical conditioning on NKCA (NK cytotoxic activity) have been either controversial or incomplete [3] [4] [5] . Additionally, patients with malignancies may have a sedentary lifestyle because muscle strength and cardiopulmonary fitness progressively decline, limiting their capacity to perform exercise [2] . Acclimatization to systemic hypoxia improves exercise performance by increasing the efficiency of pulmonary ventilation and tissue oxygen utilization [6] . Furthermore, systemic hypoxic exposure affects the recruitment of NKs to the circulation and NKCA during exercise [7] . To the best of the our knowledge, the effective hypoxic exercise regimen that improves physical fitness and simultaneously promotes NKCA has not yet been established.
The antitumour cytotoxicity of NKs depends on both their ability to recognize target cells [8] and the production of cytotoxic proteins [9, 10] . NKs express an array of activating and inhibitory receptors that recognize transformed cells without the need for immunization or pre-activation [8] . In natural cytotoxicity, NKs kill their cellular targets via a granule (perforin/granzyme)-mediated cytotoxic pathway [10] . In the our recent study, acute hypoxic exposure affected the redistribution of NK subsets and the antitumour cytotoxicity of NKs during exercise in a concentration-dependent manner [7] . Although a bout of ME {moderate-intensity exercise; 50 %Vo 2 max [maximumVo 2 (oxygen consumption)]} with exposure to 12 or 15 % O 2 increased perforin/granzyme levels in NKs and the cytotoxicity of NKs to NPCs (nasopharyngeal carcinoma cells), only acute 12 % O 2 ME resulted in extensive mobilization of NKs expressing terminally differentiated (CD57) and inhibitory [KLRG1 (killer cell lectinlike receptor G1)] molecules into the peripheral blood compartment [7] . Alternatively, acute 15 % O 2 ME may be effective hypoxic exercise, which provides antitumour cytotoxicity by promoting NKCA without mobilizing the terminally differentiated/inhibitory NKs into the bloodstream. However, no clear and comprehensive model of the effects of chronic hypoxic exercise in NKCA has become available. Hence we further hypothesize that exercise training under hypoxic conditions influences the phenotypic characteristics of NK subsets and the capacity of anti-NPC cytotoxicity by NKs in blood.
To test the above hypotheses, in the present study, the effects of exercise training without or with hypoxia on (i) NK count and subset distribution in blood, (ii) cytotoxic protein levels in NKs, and (iii) NK-induced NPC apoptosis, are explored. The aim of the present study is to establish an effective hypoxic exercise strategy for improving individual aerobic capacity and simultaneously promoting the natural cytotoxicity of NKs.
MATERIALS AND METHODS

Subjects and regimens
The Ethics Committee of Chang Gung Memorial Hospital approved the study protocol, which was consistent with institutional guidelines. A total of 60 healthy males, who were non-smokers, did not take medication/vitamins, were infection and cardiopulmonary risk-free and non-diabetic, were recruited from Chang Gung University, Tao-Yuan, Taiwan. No subject had engaged in any regular physical activity (i.e., exercise frequency less than once/week of <20 min duration) or had been exposed to high altitudes (altitude 3000 m) for at least 1 year before the experiment. All subjects gave informed consent after the experimental procedures had been explained to them.
Subjects were randomly divided to receive the normoxic control (N-C, n = 12), hypoxic control (H-C, n = 12), normoxic exercise (N-E, n = 12), hypoxic relative exercise (H-RE, n = 12) and hypoxic absolute exercise (H-AE, n = 12) regimens. Anthropometric data did not vary significantly among the five regimens. Subjects were instructed to fast for at least 8 h and to refrain from exercise for at least 24 h before the testing sessions. All subjects arrived at the testing centre at 09.00 hours to eliminate any possible diurnal effect.
The subjects in the five groups were (i) exposed to 21 % O 2 at rest (N-C regimens), (ii) exposed to 15 % O 2 at rest (H-C regimen), (iii) trained on a bicycle ergometer (Corvial 400; Lode) at 50 %W max (50 % of maximal work rate) under 21 % O 2 (N-E regimen), (iv) trained on a bicycle ergometer at 50 %HRR max [50 % of maximal HR (heart rate) reserve] under 15 % O 2 (H-RE regimen), or (v) trained on a bicycle ergometer at 50 %W max under 15 % O 2 (H-AE regimen), all for 30 min/day, 5 days/week for 4 weeks in an airconditioned normobaric hypoxia chamber (Colorado Mountain Room TM ; Colorado Altitude Training) [6] . The hypoxia chamber was maintained at a temperature of 22 (+ − 0.5)
• C and a relative humidity of 60 (+ − 5)%; a CO 2 scrubber eliminated CO 2 from the air ( 3500 p.p.m.) [6, 11] . All subjects recorded their daily activity using a physical activity questionnaire, which was collected weekly until the end of the study. During the experiment, subjects were instructed to refrain from other regular physical activity. The rate of compliance with the five regimens was 100 %.
GXT (graded exercise test) and blood collection
Each subject carried out GXTs 48 h before and 48 h after the regimen. The GXT was conducted using a bicycle ergometer (Corvial 400; Lode,) [6, 11] . The test comprised 2 min of unloaded pedalling, and then loading was increased by 20-30 W every 3 min until exhaustion (i.e., progressive exercise toVo 2 max ). HR, BP (blood pressure), Ve (minute ventilation),Vo 2 ) andVco 2 (carbon dioxide production) were measured using an automated system (MasterScreen CPX; Cardinal-health Germany) [6, 11] . Sao 2 (arterial oxygen saturation) was monitored by finger pulse oximetry (model 9500; Nonin Onyx); blood lactate concentration was measured using an i-STAT clinical analyser ( + CG4). TheVo 2 max was the value at which the level ofVo 2 increased less than 2 ml · kg − 1 of body weight · min − 1 after at least 2 min, HR exceeded its predicted maximum, the respiratory exchange ratio exceeded 1.2 or the venous lactate concentration exceeded 8 mM [12] .
Initially before the experimental tests, and immediately after and 2 h after the experimental tests, blood samples were collected from an antecubital vein using a 20-gauge needle under controlled venous stasis at 40 Torr. The first 2 ml of blood was discarded, and the remaining blood was used to measure haematological parameters and blood cell functions. Blood NK count was determined by two-colour flow cytometry using a Simultest TM CD3/CD16 + CD56 kit (Becton Dickinson) [7, 13] .
NPC culture and NK isolation
The human NPC cell line (NPC 076) was kindly provided by Dr J.-K. Chen (Department of Physiology, Chang Gung University, Tao-Yuan, Taiwan). The cells were cultured in DMEM (Dulbecco's modified Eagle's medium)/F12 medium (Sigma), supplemented with 10 % (v/v) FBS (fetal bovine serum; Gibco) and 100 units/ml penicillin/streptomycin (Sigma) in an atmosphere of 5 % CO 2 at 37
• C [7, 13] . Blood samples (30 ml) were transferred to polypropylene tubes that contained sodium citrate (3.8 g/dl; 1 vol. to 9 vol. of blood) (Sigma). PBMCs (peripheral blood mononuclear cells) were separated by density-gradient centrifugation in a Lymphoprep tube (Nycomed). Then, NKs were isolated from the PBMCs by the MACS ® -negative immunomagnetic selection method using a commercial NK Isolation Kit II (Miltenyi Biotechnology) [7, 13] . T-cells, B-cells, stem cells, dendritic cells, monocytes, granulocytes and erythroid cells were indirectly magnetically labelled using a cocktail of biotin-conjugated antibodies and the NK Cell MicroBead Cocktail. Isolation of highly pure NKs was achieved by the depletion of the magnetically labelled cells. The purity of NKs, determined by two-colour flow cytometry using anti-CD56 and anti-CD3 monoclonal antibodies (eBioscience), was >90 %. The NK number was adjusted to 2 × 10 6 cells/ml by adding DMEM/F12 medium (Sigma).
Blood NK phenotypes
The NK suspensions (2 × 10 6 cells/ml) were incubated with saturating concentrations (10 μg/ml) of monoclonal anti-(human CD56) antibody conjugated to PE (phycoerythrin) (eBioscience), and monoclonal anti-(human NKGD2) (Santa Cruz Biotechnology), anti-(human KLRG1) (Santa Cruz Biotechnology), anti-(human CD45RA) (eBioscience), anti-(human CD45RO) (eBioscience), anti-(human CD57) (eBioscience), anti-(human CD62L) (eBioscience) or anti-(human CD11a) (eBioscience) antibodies conjugated with FITC in the dark for 30 min at 4
• C. NKs that had been treated with PE-or FITC-conjugated anti-(rabbit IgG) control antibody (eBioscience) were utilized to correct for background fluorescence. Following fixation with 4 % formaldehyde (Sigma) in Hanks' balanced salt solution (Sigma), the fluorescence obtained from 5000 events, representing the NKs, was calculated using a twocolour FACScan flow cytometer (Becton Dickinson) [7] .
Cellular perforin and granzyme B staining of NKs
Fixation buffer (1 ml; eBioscience) was added to 2 × 10 6 purified NKs in darkness for 20 min at room temperature (22 + − 0.5
• C). Following fixation, the cells were twice washed and permeabilized using a permeabilization washing buffer (eBioscience); cells were then incubated in the dark for 30 min at 4
• C with a saturating concentration (10 μg/ml) of FITC-conjugated monoclonal anti-perforin antibody (eBioscience), FITCconjugated monoclonal anti-(granzyme B) antibody (eBioscience) or FITC-conjugated anti-IgG control antibody (eBioscience). Then, the fixed and intracellularly labelled cells were resuspended in 1 ml of cell staining buffer (eBioscience). Finally, the mean fluorescent intensity obtained from 5000 events was measured by FACScan flow cytometry (Becton Dickinson) [7, 13] .
NK-induced death of NPCs
The death of NPCs was detected by two-colour flow cytometry using a commercial annexin V Cyt5 kit (BD Bioscience). This kit includes annexin V Cyt5 and PI (propidium iodide). Mixtures of NKs (2 × 10 6 cells/ml) and NPCs (1 × 10 5 cells/ml) in DMEM/F12 medium (Sigma) were incubated with shaking at 100 rev./min at 37
• C in 5% CO 2 for 4 h. The NPCs were gated separately from the NKs based on forward/sideward scattering using a two-colour FACScan flow cytometer (Becton Dickinson). The number of annexin V without or with PI fluorescein-stained events in the NPCs gate was then expressed as a percentage of the number of defined necrotic (annexin V + /PI + ) or apoptotic (annexin V + /PI − ) NPCs, as described in our previous studies [7, 13] .
Statistical analysis
Results are means + − S.E.M. StatView was used to analyse the data. Experimental results were analysed by 5 (various regimens) × 2 (before and after the various regimens) × 3 (before, immediately after and 2 h after the GXT) repeated-measure ANOVAs and Bonferroni's post-hoc test to determine NK subset characteristics, cytotoxic protein contents in NKs and NK-induced NPC death before, immediately after and 2 h after the GXT at the beginning of the study, and at 4 weeks after the various regimens. The criterion for significance was P < 0.05. Table 1 shows the anthropometry data and the conditions associated with the various normoxic and hypoxic regimens. The five experimental regimens did not result in significant variations in cardiopulmonary parameters at the beginning of the study (Table 2 ). After 4 weeks of the regimens, N-E, H-RE, and H-AE resulted in an increased work rate,Ve andVo 2 at maximal exercise performance (P < 0.01; Table 2 ). The aerobic capacity following H-RE was improved using a less intensive training workload than was required to improve this with the N-E or H-AE regimen (P < 0.05; Table 1 ). However, neither the N-C nor the H-C regimen significantly changed cardiopulmonary fitness (Table 2) .
RESULTS
Cardiopulmonary fitness
Phenotypic characteristics of NKs in blood
GXT significantly increased total, CD56 dim and CD56 bright NK counts in blood (P < 0.01; Table 3 ). However, the initial increase in blood NK level immediately after GXT was followed by a decrease in NK count below resting values after the 2 h post-exercise recovery period (P < 0.05; Table 3 ). Either H-AE or H-RE for 4 weeks increased total and CD56 dim NK counts (P < 0.01; Table 3 ) and reduced CD56 bright NK counts (P < 0.05; Table 3) in the blood at rest and after the GXT. However, resting and exercise NK levels in blood were unchanged following a 4 week N-C, H-C or N-E regimen (Table 3) .
At the beginning of the study, the GXT markedly increased the percentages of CD11a + (P < 0.05; Table 4 ), CD45RA + (P < 0.05; Table 5 ), CD57 + (P < 0.05; Table 6 ) and KLRG1 + (P < 0.05; Table 7 ) NKs and decreased the percentages of CD62L + (P < 0.05; Table 4 ) and CD45RO + (P < 0.05; Table 5 ) NKs that entered the bloodstream from peripheral tissues, despite the fact that the corresponding NK subset counts in the blood increased following the GXT (Tables 4-7) . However, the blood NK subsets that were redistributed by the GXT returned to their pre-test state after the 2 h post-GXT recovery period (Tables 4-7) .
After 4 weeks of intervention, both the H-RE and H-AE regimens resulted in an increase in the percentages of blood NKs expressing CD11a (P < 0.05; Table 4 ), CD45RO (P < 0.05; Table 5 ) and NKG2D (P < 0.05; Table 7 ) at rest and after the GXT, whereas a reduction in the percentages of resting and exercise CD45RA + (P < 0.05; Table 5 ), CD57 + (P < 0.05; Table 6 ) and KLRG1 + (P < 0.05; Table 7 ) NKs in the blood was observed with these regimens. Additionally, the N-E, H-C and N-C regimens were not associated with any significant change in the percentages of any NK subsets in the blood (Tables 4-7) . Figure 1 shows a flow cytometric analysis of the levels of perforin and granzyme B in NKs following the 4 week normoxic and hypoxic exercise regimens. Both perforin (P < 0.01; Figures 1A and 1C ) and granzyme B (P < 0.01; Figures 1B and 1D ) contents in NKs increased immediately following the GXT. However, the NK granule proteins returned to their pre-test state 2 h following the GXT (Figure 1) . Following the H-AE or H-RE regimen for 4 weeks, NK perforin (P < 0.05; Figures 1A and 1C ) and granzyme B (P < 0.05; Figures 1B  and 1D ) contents at rest and after GXT were significantly increased. However, the levels of resting and exercise granule proteins in NKs remained unchanged following 4 weeks of the N-C, H-C and N-E regimens (Figure 1 ). Figure 2 shows the flow cytometric analysis of the effects of the normoxic and hypoxic exercise regimens on the anti-NPC cytotoxicity of NKs. NK-induced NPC necrosis (as identified by staining NPCs simultaneously with annexin V and PI) was promoted immediately after the GXT (P < 0.05; Figure 2B ), and the NKCA returned to the pre-test state after the 2 h post-GXT recovery period (Figure 2) . The H-RE (P < 0.05; Figure 2A ) and H-AE (P < 0.05; Figures 2A and 2C ) regimens for 4 weeks increased the extent of NPC apoptosis induced by NKs (when the NPCs were stained with annexin V alone) at rest and after the GXT. However, the N-E, H-C and N-C regimens did not cause any significant change in NK-induced NPC necrosis or apoptosis (Figure 2 ).
Perforin and granzyme B in NKs
NK-induced NPC death
DISCUSSION
The results of the present study have revealed that a 4-week exercise regimen under normoxic or hypoxic conditions significantly increased the work rate,Ve anḋ Vo 2 levels at maximal exercise performance. The H-RE regimen enhanced aerobic fitness at a less intensive training workload than the N-E or H-AE regimen. With respect to the phenotypic characteristics of blood NK subsets, 4 weeks of either the H-AE or H-RE regimen increased the memory/activating NK counts, but reduced the levels of NKs expressing terminally differentiated/inhibitory molecules. Furthermore, these hypoxic exercise regimens increased NK perforin/granzyme B contents, improving the ability of NKs to induce NPC apoptosis. However, either exercise training alone or a hypoxic regimen alone was insufficient to trigger a change in the phenotypic characteristics of blood NK subsets or in the anti-NPC cytotoxicity of NKs.
NKG2D can control NK activation via interactions with ligands that are expressed on the surfaces of transformed cells [14] , whereas KLRG1 binds to cadherins on various tissues to inhibit NK proliferation [15, 16] . CD57 + NKs are a highly mature phenotype and correlate with reduced proliferative capacity, which may be terminally differentiated [17] . In the recognition of NKs, naïve cells express the CD45RA isoform of the leucocyte common antigen CD45, whereas the CD45RO isoform is expressed on memory cells [18] . CD45RO memory-like NKs are crucial in the regulation of immune effectors [18] . Accordingly, the decrease in KLRG1/CD57/CD45RA expression and the increase in NKG2D/CD45RO expression on NKs by the H-AE and H-RE regimens may enhance the capacity of blood NKs for clonal expansion and simultaneously improve the efficiency of NKs in recognizing transformed cells.
The proportions of KLRG1 + NK cells at rest and following exercise in the present study contradicted the findings of previous investigations [19, 20] . The percentage of KLRG1 + cells in the NK population was 30 % or less in the present study, whereas Voehringer et al. [19] and Simpson et al. [20] have reported the proportion of KLRG1
+ NK cells to be greater than 40 %. Although Pre-E, immediately after the GXT prior to the regimen; Pre-E2h, 2 h after the GXT prior to the regimen; Post-R, resting following the regimen; Post-E, immediately after the GXT following the regimen; Post-E2h, 2 h after the GXT following the regimen. Pre-R, resting prior to the regimen; Pre-E, immediately after the GXT prior to the regimen; Pre-E2h, 2 h after the GXT prior to the regimen; Post-R, resting following the regimen; Post-E, immediately after the GXT following the regimen; Post-E2h, 2 h after the GXT following the regimen.
Simpson et al. [20] found no significant changes in the proportion of blood KLRG1 + and CD57 + NK cells with exercise, numerical increases in the mobilization of the inhibitory/terminally differentiated NK cells into the peripheral blood compartment were observed after exercise. Several possible reasons to explain the contradictory findings include the influence of physical fitness, gender or race in the tested subjects and differences in methodology. The present study recruited sedentary men as the tested subjects and designed a progressive exercise toVo 2 max , whereas Simpson et al. [20] chose welltrained endurance athletes and used a sustained strenuous exercise (80 %Vo 2 max ) to volitional exhaustion [20] . Moreover, the present study also controlled the influence of gender in the NK population by selecting male subjects, as mobilization of NK subsets with exercise is different between genders [21, 22] . Additionally, an early investigation has indicated that differences in racial background on human lymphocytes subsets, specifically in NKs, between Caucasians and Asians was present in the lymphocyte immunophenotype [23] .
The cytotoxic granule proteins, including perforin/granzyme B, in NKs trigger apoptosis directly or indirectly via the activation of caspases [10] . The results of the present study have shown that both the H-AE and H-RE regimens for 4 weeks were associated with increased NK perforin/granzyme B contents and improved the effectiveness of inducing NPC apoptosis by NKs at rest and after GXT. Despite the increase in blood NK population, both the H-AE and H-RE regimens increased CD56 dim NK count while reducing the CD56 bright NK count. In human NK subsets, CD56
bright NKs are predominantly immunoregulatory cells that generate high levels of cytokines in response to monokine stimulation, whereas CD56 dim NKs are basically cytotoxic cells that are rich in granule proteins [24] . Some investigations have indicated an increased production of IFN (interferon)-γ and more potent lytic activity in CD57 + [17] or KLRG1 + [19] NK subsets. However, hypoxic exercise training reduced the percentages of the two cytokine-produced NK subsets in the blood. Accordingly, these results imply that NKCA promoted by the two regimens are associated with increased granule-protein-rich NK subsets, rather than changes in cytokine-producing NK subsets.
Various cross-sectional investigations have provided evidence of higher NKCA in athletes than in nonathletes at all ages [25] [26] [27] [28] . In contrast, some longitudinal studies of ME exercise regimens have found no significant elevation in NKCA among trained compared with untrained subjects, implying that endurance exercise may have to be intensive and prolonged before NKCA is chronically elevated in humans [25] [26] [27] [28] . The findings by Campbell et al. [28] are consistent with the results of the N-E regimen that was used in the present study. Facco et al. [29] indicated that chronic exposure to a hypoxic environment did not influence NKCA, despite an increase in the number of NKs in blood, contradicting the resulted obtained following the chronic hypoxic exercise regimens reported in the present study. The present study applied interval hypoxic exercise over 4 weeks, whereas Facco et al. [29] adopted 3 weeks of continuous hypoxic exposure without exercise intervention. Therefore the dosage and mode of exercise and hypoxia may be related to the efficiency of the increase in the level of NKCA by hypoxic exercise training.
Study limitation
The present study used a two-step method to identify phenotypic characteristics of the NK subsets, which first isolated enriched NKs by negative immunomagnetic selection and subsequently analysed the expression of surface molecules on the enriched NKs by twocolour flow cytometry. The enriched NKs might contaminate the population of natural killer T-cells (CD56 + CD8 + CD3 − cells) that share properties of both T-cells and NKs and constitute approximately 0.2 % of all peripheral blood T-cells [30, 31] . Additionally, approximately 10 % of non-NKs in the enriched NK suspension might also partially contribute to the distribution of KLRG1 + or CD57 + cells in the present study. Another limitation of the present study is that the subjects were all young and healthy. Accordingly, further clinical evidence is required to extrapolate the results of the present study to patients with NPC or other forms of haematogenous metastasis.
Conclusions
Hypoxic exercise regimens, including H-AE and H-RE, for 4 weeks improved the aerobic fitness of subjects by enhancing pulmonary ventilation and tissue oxygen utilization. Simultaneously, the two regimens increased the levels of NKs expressing memory/activating molecules and cytotoxic granule proteins in blood, increasing the anti-NPC cytotoxicity effect of NKs. These experimental findings could help to determine the effective hypoxic exercise regimens for improving individual aerobic capacity and simultaneously promoting the natural cytotoxicity of NKs.
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